Introduction
============

A lack of blood flow into the heart muscle results in a disruption to the supply and demand of oxygen, termed ischemia, which leads to damage or dysfunction of the heart tissue. The subsequent reperfusion that occurs following ischemia can also cause injury. This event is named myocardial ischemia reperfusion injury (IRI). Myocardial IRI, as a common physiological and pathological phenomenon, was first described by Jennings *et al* ([@b1-mmr-21-03-1011]) in 1960 and often occurs in myocardial infarction and numerous types of cardiac surgeries. In addition, it also causes inflammation, which leads to further harm to the normal tissues around the infarct site. Therefore, myocardial IRI is a major challenge in organ transplantation and surgery ([@b2-mmr-21-03-1011]). Although significant progress has been made in treating ischemia/reperfusion (I/R) mechanisms based on the acute myocardial infarction model, the results of clinical studies have been largely unsatisfactory, which may be due to an inadequate understanding of the mechanisms involved. Hypoxia/reoxygenation (H/R) injury, a mimic *in vitro* model of myocardial I/R injury, has been widely used to explore the underlying molecular mechanism of myocardial I/R injury ([@b3-mmr-21-03-1011]--[@b5-mmr-21-03-1011]). At present, a number of studies have explored myocardial H/R injury from the perspectives of the inflammatory response ([@b6-mmr-21-03-1011]), cell apoptosis ([@b7-mmr-21-03-1011]) and cell signal transduction ([@b8-mmr-21-03-1011]), but the exact molecular mechanism remains unknown. Therefore, it is important to explore the potential molecular mechanisms of myocardial IRI.

Emerging evidence has suggested that microRNAs (miRNAs/miRs) function as regulators in cells development, differentiation, immunity and cell cycle ([@b9-mmr-21-03-1011]). In addition, miRNAs have been demonstrated to serve vital roles in improving the therapeutic outcomes of myocardial infarction ([@b10-mmr-21-03-1011]), arrhythmia ([@b11-mmr-21-03-1011]) and inhibition of atrial fibrillation ([@b12-mmr-21-03-1011]). miR-155, as a typical multifunctional RNA, has been identified to be associated with homeostasis, atherogenesis, immune system and inflammation function ([@b13-mmr-21-03-1011]). In addition, previous studies have observed that miR-155 was also involved in processes other than hematopoiesis and immune system, including cardiovascular disease ([@b14-mmr-21-03-1011]), tumor and other pathological processes ([@b15-mmr-21-03-1011]). It has previously been demonstrated that the inhibition of miR-155 ameliorated cardiac fibrosis in the process of angiotensin II-induced cardiac remodeling. In addition, previous data has identified that miR-155 functions as a vital moderator of cardiac damage and inflammation in atherosclerosis by repressing Bcl-6 in macrophages ([@b16-mmr-21-03-1011]), and that miR-155 may aggravate ischemia-reperfusion injury via regulation of inflammatory cell recruitment and the respiratory oxidative burst ([@b17-mmr-21-03-1011]). Downregulation of miR-155 may stimulate sevoflurane-mediated cardio protection against myocardial ischemia/reperfusion injury via binding to SIRT1 in mice ([@b18-mmr-21-03-1011]). Furthermore, miR-155 may aggravate liver ischemia/reperfusion injury through limiting suppressor of cytokine signaling 1 in mice ([@b19-mmr-21-03-1011]). However, data concerning how miR-155 functions in myocardial I/R injury, its potential molecular mechanism and the signaling pathway involved, are limited.

The present study identified that miR-155 was notably upregulated in a myocardial H/R *in vitro* model. Following overexpression of miR-155, cell viability was markedly decreased, the number of apoptotic cells was significant increased, and the expression of apoptosis-associated proteins caspase 3 and caspase 9 were markedly upregulated; inhibition of miR-155 resulted in a reversal of all of these events. In addition, high expression levels of key proteins involved in the mitogen-activated protein kinase (MAPK)/JNK pathway caused by H/R were attenuated by miR-155 inhibitor. BAG family molecular chaperone regulator 5 (BAG5), which was expressed at a decreased level in the H/R model, was confirmed to be a target of miR-155 and to be negatively regulated by miR-155. A co-transfection assay demonstrated that the overexpression of BAG5 may promote the mitigative effect of miR-155 inhibition on the cell damage induced by H/R. In addition, the high expression level of hypoxia-inducible factor 1-α (HIF-1α) and low expression level of von Hippel-Lindau protein (VHL) induced by H/R were suppressed by miR-155 inhibition. These data suggested that knockdown of miR-155 may alleviate the cell damage caused by H/R by mediating BAG5 and the MAPK/JNK pathway. The function of miR-155/BAG5 on myocardial H/R injury represents a novel avenue of research for understanding the mechanism of I/R and provides a theoretical reference for the identification of clinical therapeutic targets in the future.

Materials and methods
=====================

### Construction of a myocardial ischemia model in vitro

Rat H9c2 myocardial cells were obtained from the American Type Culture Collection and were used to construct the H/R model *in vitro*. H9c2 cells were washed with PBS and rendered quiescent in serum-free Dulbecco\'s modified Eagle\'s medium (DMEM, Sigma-Aldrich; Merck KGaA) for 24 h prior to experimentation. The cells were cultured in DMEM with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.) and gentamicin. Then, the medium was replaced with DMEM without FBS and the cells were cultured in a hypoxic incubator with 95% N~2~ and 5% CO~2~ at 37°C. Following culture in the hypoxic incubator for 6 h, the cells were transferred to a normal incubator with 95% O~2~ and 5% CO~2~ at 37°C for 24 h, in order to reoxygenate the cells.

### Cell transfection

miR-155 mimic negative control (NC), miR-155 mimics, miR-155 inhibitor NC, and miR-155 inhibitors were synthesized by Shanghai GenePharma Co., Ltd. When cell coverage reached 80%, Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) was used to transfect miR-155 mimic (200 nM, 5′-UUAAUGCUAAUCGUGAUAGGGGU-3′), inhibitor (100 nM, 3′-CCCUAUCACGAUUAGCAUUAAUU-3′) and NC (100 nM, 5′-UUGUCCUACACCUCACAGUCCUG-3′) into H9c2 cells following manufacturer\'s protocol to generate the knockout and overexpression cell models. Transfected cells were cultured at 37°C for 6 h, followed by incubation with complete medium. After 24 h, subsequent experiments were performed.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total cellular RNA was extracted from the treated cells using TRIzol^®^ (Thermo Fisher Scientific, Inc.) according to manufacturer\'s protocol, and then reverse transcribed into cDNA using an iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Inc.) following the manufacturer\'s protocol. The mRNA/miRNA relative expression was assessed by qPCR using the SsoFast™ EvaGreen^®^ Supermix (Bio-Rad Laboratories, Inc.). The thermocycler conditions were as follows: 95°C for 2 min, followed by 40 cycles at 95°C for 5 min, 95°C for 30 sec and 60°C for 45 sec, and then 72°C for 30 min. The 2^−ΔΔCq^ method ([@b20-mmr-21-03-1011]) was used to detect the relative fold-changes, and GAPDH and U6 were used as internal controls to detect mRNA and miRNA expression. The primer sequences were as follows: BAG5 forward, 5′-GCAAGTGGTTGGCTTCAGTG-3′; BAG5 reverse, 5′-CACGCATGATAAGTGCCTGC-3′; GAPDH forward, 5′-GCCAGCCTCGTCTCATAGAC-3′; GAPDH reverse, 5′-AGTGATGGCATGGACTGTGG-3′; miR-155 forward 5′-AATGCTAATTGTGATAGGGG-3′; miR-155 reverse, 5′-GAACATGTCTGCGTATCTC-3′; U6 forward, 5′-CCTGCTTCGGCAGCACAT-3′; and U6 reverse, 5′-GCGTGAAGCGTTCCATG-3′.

### Western blot analysis

Transfected cells were lysed using RIPA buffer (Invitrogen; Thermo Fisher Scientific, Inc.) with 1% protease inhibitor. A bicinchoninic acid kit (Beyotime Institute of Biotechnology) was used to measure the concentration of total proteins following the manufacturer\'s instruction. Equal amounts of proteins (20 µg) were electrophoresed using 12% SDS-PAGE gels, and then transferred onto PVDF membranes (Invitrogen; Thermo Fisher Scientific, Inc.). The membranes were blocked with 5% non-fat milk for 1 h at room temperature, and then incubated with primary antibodies purchased from Abcam: BAG5 (1:1,000; cat. no. ab97660), cleaved-caspase 3 (1:1,000; cat. no. ab2303), cleaved-caspase 9 (1:1,000; cat. no. ab2324), mitogen-activated protein kinase 11 (P38; 1:1,000; cat. no. ab170099), phosphorylated (p)-P38 (1:1,000; cat. no. ab31828), JNK (1:1,000; cat. no. ab126424), p-JNK (1:1,000; cat. no. ab176662), HIF-1α (1:1,000; cat. no. ab221610), VHL (1:4,000, ab140989) and GAPDH (1:1,000; cat. no. ab181602) overnight at 4°C. The membranes were then washed with TBS + 0.1% Tween-20 3 times, and then cultured with the goat anti-rabbit IgG-HRP secondary antibody conjugated with horseradish peroxidase (1:10,000, cat. no. ab6721, Abcam) for 1 h at room temperature. Finally, the protein bands were visualized using electrochemiluminescence according to manufacturer\'s protocol and analyzed using Quantity One software version 4.6.6 (Bio-Rad Laboratories, Inc.).

### Cell viability assay

Cell proliferation was determined using a Cell Counting Kit-8 (CCK-8) assay. According to the manufacturer\'s protocol, cells were seeded onto 96-well plates at the density of 1,000 cells/well. A total of 10 µl CCK-8 solution was added to each well and incubated at 37°C for 1.5 h; the cell activity was detected at 24 h intervals and the absorbance values at 450 nm wavelength were measured with a microplate spectrophotometer (Bio-Rad Laboratories, Inc.). All experiments were performed in triplicate.

### Detection of apoptosis by Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) double-staining

Cell apoptosis was examined using the Annexin-V-FITC Apoptosis Detection kit. The myocardial cells (1--5×10^6^) were collected and washed in PBS following H/R treatment. Then, the myocardial cells were resuspended in binding buffer with 5 µl Annexin V-FITC and 10 µl PI double-stain, following the manufacturer\'s protocol. Finally, the samples were analyzed by a flow cytometer (BD Biosciences) and FlowJo version 7.6.3 software (Flow Jo LLC).

### miR-155 target gene prediction and luciferase activity assay

Bioinformatics analysis tools including miRanda ([@b21-mmr-21-03-1011]), miRWalk ([@b22-mmr-21-03-1011]) and TargetScan ([@b23-mmr-21-03-1011]) were used to predict the possible target mRNA of miR-155. A luciferase reporter gene assay was conducted using the Dual-Luciferase Reporter Assay System (Promega Corporation) according to the manufacturer\'s protocol. The 3′UTR segments of the BAG5 including the wild type (WT) or mutant (Mut) miR-155 binding sites were inserted into pGL3 luciferase vector (Promega Corporation). The transfected cells were seeded onto 24-well plates at a density of 1×10^4^/well. 293 cells were then co-transfected with WT-BAG5/Mut-BAG5 plasmids and miR-155 mimic/NC by Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). Cultured for 48 h, transfected cells were harvested and the luciferase activity was detected using a Dual Luciferase™ reporting system (Promega Corporation). The luciferase activity was normalized to that of *Renilla* luciferase activity.

### Statistical analysis

SPSS v.22.0 (IBM Corp.) software and GraphPad Prism v.5.0 (GraphPad Software, Inc.) were used to analyze the experimental data. Student\'s t-test was used to evaluate the difference between two groups. A one-way analysis of variance followed by Dunnett\'s post-hoc test, to compare all groups with the control group, or Tukey\'s post-hoc test, to compare all pairs of groups, was performed to assess the differences between multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Increased expression of miR-155 is exhibited in myocardial cells exposed to H/R

To explore the function of miR-155 in myocardial IRI, a model of H/R in myocardial cells was first established to simulate the cells in myocardial IRI *in vivo*. The RT-qPCR data indicated that miR-155 was notably upregulated in the H/R model cells compared with the untreated cells ([Fig. 1A](#f1-mmr-21-03-1011){ref-type="fig"}; P\<0.01). Then, miR-155 mimics and inhibitors were applied to regulate the expression of miR-155. As indicated in [Fig. 1B](#f1-mmr-21-03-1011){ref-type="fig"}, the expression of miR-155 was successfully up- or downregulated by miR-155 mimics or inhibitors, respectively. Similarly, in the H/R model, the results demonstrated that the relative expression of miR-155 was up- or downregulated following transfection with the miR-155 mimics or inhibitors, respectively ([Fig. 1C](#f1-mmr-21-03-1011){ref-type="fig"}; P\<0.01). These results suggested that miR-155 was highly expressed in myocardial cells in the H/R model and was successfully regulated by the miR-155 mimics and inhibitors.

### Effect of miR-155 on the activity and apoptosis of injured H/R-stimulated myocardial cells

To additionally identify the type of cell injury induced by H/R stimulation, a CCK-8 assay was performed to examine cell viability. The results indicated that cell viability was significantly decreased in the H/R model compared with the sham group. Following transfection with the miR-155 mimic, the cell viability was additionally decreased compared with the non-transfected H/R cells. However, following transfection with the miR-155 inhibitor, cell viability was markedly increased compared with the non-transfected H/R cells ([Fig. 2A](#f2-mmr-21-03-1011){ref-type="fig"}; P\<0.05).

Flow cytometry analysis was conducted to detect the levels of cell apoptosis. As demonstrated in [Fig. 2B and C](#f2-mmr-21-03-1011){ref-type="fig"}, the number of apoptotic cells was increased \>2-fold in the H/R cells compared with the sham group. Following transfection with the miR-155 mimic, the number of apoptotic cells was markedly increased compared with the non-transfected H/R model cells. However, transfection with the miR-155 inhibitor resulted in a marked decrease in the number of apoptotic cells compared with the non-transfected H/R model cells.

Western blot analysis was used to identify the expression levels of the apoptotic proteins cleaved caspase 3 and 9 following different treatments. The data from [Fig. 2D and E](#f2-mmr-21-03-1011){ref-type="fig"} indicated that the expression of cleaved caspase-3 and 9 were markedly increased in the H/R-treated cells compared with the sham group. Following transfection with the miR-155 mimic, the expression levels of cleaved caspase-3 and 9 were markedly increased compared with the non-transfected H/R group. However, following transfection with miR-155 mimic, the expression of cleaved caspase-3 and 9 were markedly decreased compared with the non-transfected H/R group. Based on these results, it was identified that the overexpression of miR-155 aggravated myocardial cell injury in a H/R model. Conversely, miR-155 downregulation reversed these effects.

### miR-155 directly targets BAG5 to function in H/R

It is well-known that miRNAs serve various roles by regulating their downstream target genes. Bioinformatics analysis tools including miRanda, miRWalk and TargetScan were applied to predict the possible target mRNA of miR-155. BAG5 was predicted as a target of miR-155. Each miRNA was predicted to have multiple target mRNAs. BAG5 was selected due to its involvement in a number of important physiological and pathological processes, including the development of tumors and the treatment of Parkinson\'s disease ([@b24-mmr-21-03-1011]), but few studies have been performed on ischemia-reperfusion injury. Therefore, the present study focused on BAG5. The sequences of WT-BAG5, Mut-BAG5 and miR-155 are presented in [Fig. 3A](#f3-mmr-21-03-1011){ref-type="fig"}. The data from luciferase reporter assay ([Fig. 3D](#f3-mmr-21-03-1011){ref-type="fig"}) indicated that the luciferase activity was decreased in WT-BAG5 group following transfection with the miR-155 mimic, but that the luciferase activity was nearly unchanged in the Mut-BAG5 group, which confirmed the association between BAG5 and miR-155. Then, the protein expression level of BAG5 in the H/R-treated cells was examined. The data demonstrated that BAG5 was downregulated in the H/R group compared with the sham group ([Fig. 3B and C](#f3-mmr-21-03-1011){ref-type="fig"}; P\<0.01). Finally, the mRNA and protein expression levels of BAG5 were detected in the miR-155 NC and mimic groups. In the miR-155 mimic group, it was identified that the expression of BAG5 was significant decreased at both mRNA and protein levels compared with the NC group ([Fig. 3E-G](#f3-mmr-21-03-1011){ref-type="fig"}; P\<0.01). These results indicated that BAG5, which was expressed at a decreased level in the H/R-treated group, was a confirmed target of miR-155 and was negatively regulated by miR-155.

### Cell injury caused by H/R is attenuated by miR-155 inhibition partly through MAPK pathway

The MAPK signaling pathway is one of the most important signal transduction systems *in vivo*, and is involved in mediating various physiological and pathological processes such as cell growth, development, division and differentiation. MAPK subfamilies in mammals primarily include ERK, JNK and P38. However, JNK and P38 have been demonstrated to regulate cell apoptosis ([@b25-mmr-21-03-1011]), proliferation ([@b26-mmr-21-03-1011]) or pressor response ([@b27-mmr-21-03-1011]). In addition, JNK and P38 have been revealed to participate the process of ischemia/reperfusion injury in rats ([@b28-mmr-21-03-1011]). Therefore, p-JNK and p-P38 were selected for examination in the present study. In the H/R model, it was identified that the protein expression levels of p-P38 and p-JNK were significantly increased. Following transfection with the miR-155 inhibitor, the protein expression of p-P38 and p-JNK were markedly decreased ([Fig. 4A and B](#f4-mmr-21-03-1011){ref-type="fig"}; P\<0.01). In addition, the increased ratios of phosphorylated to total P38 and JNK proteins in the H/R model was suppressed following miR-155 inhibition. This result suggested that the overexpression of p-P38 and p-JNK in the H/R model cells was inhibited following transfection with the miR-155 inhibitor, suggesting that miR-155 functions as a regulator in myocardial H/R injury, partly through the MAPK signaling pathway.

### Overexpression of BAG5 enhances the effect of miR-155 inhibitor on H/R-induced myocardial cells impairment

Following on from the aforementioned results, it was demonstrated that miR-155 silencing promoted the protective effects on myocardial injury caused by H/R. However, the effects of miR-155/BAG5 on myocardial cell injury caused by H/R were unclear. The miR-155 inhibitor and pcDNA3.1-BAG5 were co-transfected into the H9c2 cells to evaluate the effect of miR-155/BAG5 on cells viability and apoptosis. As presented in [Fig. 5A](#f5-mmr-21-03-1011){ref-type="fig"}, the expression of BAG5 was significantly upregulated after transfection with pcDNA3.1-BAG5 compared with the sham or empty vector. The CCK-8 assay data indicated that BAG5 may promote the mitigative effect of miR-155 inhibition on the H9c2 cells damage induced by H/R ([Fig. 5B](#f5-mmr-21-03-1011){ref-type="fig"}; P\<0.05). The flow cytometry data demonstrated that overexpression of BAG5 promoted the inhibitory effect of miR-155 inhibitor on the apoptosis of H9c2 cells ([Fig. 5C and D](#f5-mmr-21-03-1011){ref-type="fig"}; P\<0.01).

It is well-known that HIF regulates cellular protection against decreased oxygen delivery via modulating cellular pathways and functions ([@b29-mmr-21-03-1011],[@b30-mmr-21-03-1011]). The oxygen-regulated HIF-1α subunit is continuously synthesized in cells but promptly degraded in the presence of oxygen following hydroxylation. Hydroxylated HIF is targeted for proteasomal degradation after binding to the VHL E3 ubiquitin ligase ([@b31-mmr-21-03-1011]). Therefore, the expression levels of HIF-1α and VHL in the H/R model of the present study were detected following different treatment. In the H/R model, the expression of HIF-1α was increased, while the expression of VHL was decreased compared with the sham group. However, this phenomenon was reversed after transfection with miR-155 inhibitor or miR-155 inhibitor + pcDNA3.1-BAG5 ([Fig. 6A and B](#f6-mmr-21-03-1011){ref-type="fig"}; P\<0.01). Altogether, the results demonstrated that co-transfection with pcDNA3.1-BAG5 and miR-155 inhibitor decreased the level of myocardial cells apoptosis and increased the level of proliferation compared with the cells only transfected with miR-155 inhibitor, through altering the expression patterns of HIF-1α and VHL, suggesting that depletion of miR-155 may attenuate cell damage in the myocardial H/R model by targeting BAG5 and regulating the expression of HIF-1α and VHL.

Discussion
==========

Reperfusion injury is one of the most significant complications in the recovery of ischemic myocardial blood flow. The toxic and side effects of reperfusion injury are caused by numerous complex pathological mechanism ([@b32-mmr-21-03-1011]). Various forms of myocardial IRI have been identified, including reperfusion induced arrhythmias, myocardial coma, microvascular obstruction and fatal myocardial reperfusion injury; only the first two of these are reversible ([@b33-mmr-21-03-1011]). The underlying mechanisms of IRI are not entirely clear ([@b34-mmr-21-03-1011]), but the modification of molecular, cellular and tissues through processes such as oxidative stress, cell death, neurohumoral activation and inflammation are regarded critical in the development of IRI ([@b35-mmr-21-03-1011],[@b36-mmr-21-03-1011]). Although a complete understanding of myocardial IRI completely remains a challenge, active reperfusion remains the most important method and is being vigorously initiated. The present study identified that depletion of miR-155 improved myocardial cells injury caused by H/R. The data from the CCK-8 assay demonstrated that the downregulation of miR-155 enhanced the myocardial cells activity, the flow cytometry analysis data revealed that miR-155 inhibition attenuated myocardial cells apoptosis, and the western blot analysis data indicated that depletion of miR-155 decreased the protein expression levels of key apoptotic proteins caspase 3 and caspase 9. Using Bioinformatics prediction software programs and a dual-luciferase reporter assay, BAG5 was confirmed as a direct functional target of miR-155. In addition, BAG5 was downregulated in the H/R model cells and was negatively regulated by miR-155. The data from the co-transfection assay suggested that overexpression of BAG5 could promote the protective effect of miR-155 inhibitor on cell damage caused by H/R through regulating the expression of HIF-1α and VHL. Taken together, the results of the present study indicated that the inhibition of miR-155 expression improved the outcomes of myocardial IRI through mediating BAG5 and the MAPK signaling pathway.

miR-155, as a multifunctional RNA, has been identified to function in numerous pathological and physiological processes including viral infection ([@b37-mmr-21-03-1011]), hematopoietic lineage differentiation ([@b38-mmr-21-03-1011]), cardiovascular disease ([@b39-mmr-21-03-1011]), immunity ([@b40-mmr-21-03-1011]), cancer ([@b41-mmr-21-03-1011]), inflammation ([@b42-mmr-21-03-1011]) and Down syndrome ([@b43-mmr-21-03-1011]). In the present study, it was identified that miR-155 was highly expressed in the myocardial H/R model, and that overexpression of miR-155 decreased myocardial cells activity, increased the number of apoptotic cells and increased the expression of pro-apoptotic proteins. However, silencing miR-155 improved myocardial cell viability, decreased the number of apoptotic cells and attenuated the expression levels of pro-apoptotic proteins. These results indicated that miR-155 functioned as a crucial modulator in myocardial IRI.

It is well-known that mature miRNA regulate gene expression through binding to complementary sites in the 3′-untranslated region of their target genes. According to the analysis results of bioinformatics prediction software, BAG5 was selected as a specific target gene of miR-155. BAG5, as an important member of the BAG family, has been reported to demonstrate anti-apoptotic effects in prostate cancer ([@b44-mmr-21-03-1011]). A previous study identified that BAG5 protected neuronal cells from amyloid β-induced cell death in Alzheimer\'s disease ([@b45-mmr-21-03-1011]), and it has been demonstrated that BAG5 decreased the degradation of PTEN and maintained its stability through an ubiquitylation-dependent pathway ([@b46-mmr-21-03-1011]). It has previously been observed that BAG5 may promote the accumulation of mutant p53 in tumors, and increase the gain-of-functions of mutant p53 ([@b47-mmr-21-03-1011]). The study conducted by Kalia *et al* ([@b48-mmr-21-03-1011]) established that BAG5 may inhibit parkin and enhance dopaminergic neuron degeneration. In addition, it has been suggested that BAG5 may function together with miR-127-3p to inhibit epithelial ovarian cancer cell growth ([@b49-mmr-21-03-1011]). The present study demonstrated that BAG5 was a direct target gene of miR-155, and was downregulated in H/R. Concomitantly, overexpression of miR-155 was demonstrated to attenuate the levels of BAG5 expression, and overexpression of BAG5 in the H/R model promoted the protective effects of the miR-155 inhibitor on H/R-induced cell damage. A limitation of the present study was that only the basic phenomena were identified, and that cell models *in vitro* cannot fully simulate *in vivo* scenarios; further *in vivo* experiments are required to explore the specific mechanism.

In the process of myocardial H/R, the pathophysiological significance of myocardial cell apoptosis is important. It has been suggested that the JNK/MAPK signaling pathway is associated with various pathophysiological processes during apoptosis and oxidative stress. Bourke *et al* ([@b50-mmr-21-03-1011]) demonstrated that, in an *in vitro* H/R injury model, anti-phospholipid antibodies enhanced the levels of apoptosis of newborn rat cardiac myocytes through p38 MAPK. It has previously been observed that myocardial cells were protected from H/R injury through inhibiting JNK ([@b51-mmr-21-03-1011]). In concordance with previous data, the present study identified that the expression levels of MAPK/JNK-associated proteins p-P38 and p-JNK were markedly decreased following transfection with the miR-155 inhibitor, indicating that miR-155 regulated myocardial H/R injury through the MAPK/JNK signaling pathway.

The results from the present study demonstrated that miR-155/BAG5 function in myocardial H/R injury partly through the MAPK/JNK signaling pathway, suggesting that miR-155/BAG5 may be promising targets for the development of novel therapies for myocardial IRI.

In conclusion; the present study demonstrated that miR-155 was highly expressed in a myocardial H/R model, leading to decreased levels of myocardial cell proliferation and increased levels of apoptosis. Bioinformatics prediction software and a luciferase reporter assay confirmed that BAG5 was a specific target gene of miR-155. In addition, co-transfection of the miR-155 inhibitor and pcDNA3.1-BAG5 further indicated that miR-155 inhibition alleviated the myocardial H/R injury through targeting BAG5, via the MAPK/JNK signaling pathway.
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![Expression of miR-155 is increased in a myocardial H/R model. (A) The miRNA expression of miR-155 in the H/R model was significantly upregulated compared with the control group, \*\*P\<0.01. (B) miR-155 mimics and inhibitors markedly increased and decreased the expression of miR-155, respectively, compared with the NC group. \*\*P\<0.01. (C) The miRNA expression of miR-155 in the H/R model was markedly up- or downregulated following transfection with miR-155 mimics or inhibitors, compared with the NC group. \*\*P\<0.01. miR, microRNA; H/R, hypoxia/reoxygenation; NC, negative control.](MMR-21-03-1011-g00){#f1-mmr-21-03-1011}

![Effects of miR-155 on the H/R model. (A) The effect of miR-155 on the proliferation of myocardial cells in the H/R model was measured by CCK-8 assay following transfection with miR-155 mimics or inhibitors. \*\*P\<0.01 vs. sham. ^\#^P\<0.05 and ^\#\#^P\<0.01 H/R vs. H/R + miR-155 mimic. ^δ^P\<0.05 and ^δδ^P\<0.01 H/R vs. H/R + miR-155 inhibitor. (B) Flow cytometry analysis indicated the number of apoptotic cells following transfection with miR-155 mimics or inhibitors in the H/R model. (C) Quantified cell apoptosis data. \*\*P\<0.01 sham vs. H/R. ^\#\#^P\<0.01 H/R vs. H/R + miR-155 mimic. ^δδ^P\<0.01 H/R vs. H/R + miR-155 inhibitor. (D) The expression levels of pro-apoptotic proteins cleaved-caspase 3 and cleaved-caspase 9 were measured by western blot analysis following transfection with miR-155 mimics or inhibitors in the H/R model. P\<0.01. (E) Quantified densitometric data from the western blot analysis. \*\*P\<0.01, ^\#\#^P\<0.01 H/R vs. H/R + miR-155 mimic. ^δδ^P\<0.01 H/R vs. H/R + miR-155 inhibitor. miR, microRNA; H/R, hypoxia/reoxygenation; FITC, fluorescein isothiocyanate; PI, propidium iodide.](MMR-21-03-1011-g01){#f2-mmr-21-03-1011}

![BAG5 is negatively regulated by miR-155 and is expressed at lower levels in the H/R model. (A) The sequences of 3′-UTR-WT BAG5, 3′-UTR-Mut BAG5 and miR-155. (B) The expression level of BAG5 was detected by western blot analysis. (C) Quantifieddensitometric western blot analysis data. \*\*P\<0.01. (D) The relative luciferase activity in Mut BAG5 and WT BAG5 were determined by luciferase reporter assay following transfection with miR-155 mimic or NC. \*\*P\<0.01. The (E) mRNA and (F) protein expression of BAG5 in the H/R model following transfection with miR-155 mimic or NC. \*\*P\<0.01. (G) Quantified densitometric western blot analysis data. BAG5, BAG family molecular chaperone regulator 5; miR, microRNA; H/R, hypoxia/reoxygenation; UTR, untranslated region; WT, wild type; Mut, mutant; NC, negative control.](MMR-21-03-1011-g02){#f3-mmr-21-03-1011}

![Expression of MAPK pathway-associated proteins was determined by western blot analysis. (A) The expression of p-P38 and p-JNK were significantly upregulated in H/R model and were downregulated following transfection with miR-155 inhibitor in the H/R model. (B) Quantified densitometric western blot analysis data. (C) The ratio of phosphorylated to total P38 and JNK proteins in the H/R model following treatment with the miR-155 inhibitor. \*\*P\<0.01 vs. sham, ^\#\#^P\<0.01 vs. H/R. miR, microRNA; H/R, hypoxia/reoxygenation; p-, phosphorylated. P38, mitogen-activated protein kinase 11.](MMR-21-03-1011-g03){#f4-mmr-21-03-1011}

![Overexpression of BAG5 enhances the protective effect of the miR-155 inhibitor on myocardial cells damage in the H/R model. (A) The transfection efficiency of pcDNA3.1-BAG5 was measured by reverse transcription-quantitative polymerase chain reaction. \*\*P\<0.01 vs. sham, ^\#\#^P\<0.01 vs. pcDNA3.1. (B) Cell viability was detected using CCK-8 assay following transfection with miR-155 inhibitor and pcDNA3.1-BAG5 in the H/R model. ^δ^P\<0.05 and ^δδ^P\<0.01 vs. H/R, \*\*P\<0.01 vs. sham, ^\#\#^P\<0.01 vs. H/R + miR-155 inhibitor. (C) The level of cell apoptosis was measured by flow cytometry following transfection with miR-155 inhibitor and pcDNA3.1-BAG5 in the H/R model. (D) Quantified flow cytometry data. \*\*P\<0.01 vs. sham, ^\#\#^P\<0.01 vs. H/R + miR-155 inhibitor, ^δδ^P\<0.01 vs. H/R. BAG5, BAG family molecular chaperone regulator 5; miR, microRNA; H/R, hypoxia/reoxygenation; FITC, fluorescein isothiocyanate; PI, propidium iodide.](MMR-21-03-1011-g04){#f5-mmr-21-03-1011}

![Expression of HIF-1α and VHL were assessed by western blot analysis in the H/R model following different treatments. (A) The expression of HIF-1α and VHL were measured by western blot analysis. (B) Quantified densitometric western blot analysis data. \*\*P\<0.01 sham vs. H/R. ^\#\#^P\<0.01 H/R + miR-155 inhibitor vs. H/R + miR-155 inhibitor + pcDNA3.1-BAG5. ^δδ^P\<0.01 H/R vs. H/R + miR-155 inhibitor. HIF-1α, hypoxia-inducible factor 1-α; VHL, von Hippel-Lindau.](MMR-21-03-1011-g05){#f6-mmr-21-03-1011}
